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ABSTRACT 



The purpose of this thesis is to study the effect 
varying hull form and weight distribution has on structural 
loading with the goal of presenting the results in a form 
that would be useful in preliminary design for considering 
structural loading when selecting hull form and ship 
arrangements. Values of hull form parameters are selected 
from Saunders' design lanes for minimum resistance and 
weight distribution parameters are derived by averaging 
data collected for typical cargo ships; these determine 
"standard" ships. Structural loading is estimated by the 
vertical longitudinal bending moment in still water plus 
that caused by the ship travelling at design speed in an 
irregular sea. Each of the hull form and weight distribu- 
tion parameters is then systematically varied and the 
bending moment for the new ship is compared with the bending 
moment for the standard ship. 

The wave bending moment is calculated using an equation 
that estimates the wave bending moment in an irregular sea; 
the moment due to the ship's own wave system and the change 
in the mean of the wave bending moment due to the seaway 
are included. The significant wave height of the seastate 
is selected so that the wave bending moment agrees with a 
design value from ABS rules. The still water bending 
moment is calculated using an approximate method and a 
weight distribution is selected that approximates actual 
weight distributions and results in a still water bending 
moment that is probably close to the design value that 
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would be calculated for the standard ships. 

The following parameters are varied: waterplane 

coefficient, block coefficient, length, beam, design speed, 
machinery location, deadweight location, fraction of the 
deadweight aft of amidships, the moment of inertia of the 
weight forward of amidships and aft of amidships, and the 
speed of the ship in a seaway. The results are presented 
in the form of marginal factors (see Table VI) which show 
the fractional change in the total hogging bending moment 
for a fractional change in one of the hull form or weight 
distribution parameters. 

Generally, the still water bending moment is 50% of 
the total hogging moment. In most cases, the total sagging 
moment is only 30% to 40% of the total hogging moment so 
the hogging moment is used for analyzing all of the results. 
The hull form and weight distribution parameters that should 
be of the most concern to the designer interested in reducing 
structural loading are: waterplane coefficient, block 

coefficient, length, beam, machinery location, and the 
location of weights forward of amidships. Since the designer 
has the most control over the still water bending moment 
and significant reductions in the total moment may be 
possible by reducing the still water moment, the still 
water bending moment should be given more attention than it 
probably now receives in most design work. 

It is most important that bending moment predictions 
based entirely upon model test results or theoretical 
analyses consider the effect of a speed reduction in the 
seaway and the effect of the ship's own wave system and the 
change in the mean of the wave bending moment due to the 
seaway. Although the total hogging moment can be satisfac- 
torily estimated without including the effect of the ship's 
own wave and the effect of the seaway on the wave bending 
moment mean, the sagging bending moment cannot be satisfac- 
torily calculated without including these effects. 

The entire analysis is done for typical dry cargo ships 
that have a hogging still water bending moment of sufficient 
magnitude to make the total hogging moment the one of 
primary interest to the designer. Although the equations 
and the method of analysis would apply to other types of 
ships, the results can only be reliably applied to dry 
cargo ships with hull forms and weight distributions 
similar to those used in the analysis. 

Thesis Supervisor: J. Harvey Evans 

Title: Professor of Naval Architecture 
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NOMENCLATURE 



Notes: 1) All centers of gravity are measured from amid- 

ships. (+) is forward. 

2) The expression "y = f(x)" means y is a function 
of x. 

3) "£n" indicates the natural logorithm. 



a - tons/ft. of deadweight in parallel midbody 

portion of ship 

a - SWBM integral factor for the magnitude of the 

buoyancy integral 

a^ - SWBM integral factor for the magnitude of the 

hull weight integral 

A^ - coefficients for wave bending moment (i = 0 to 6) 

A. ' - coefficients for shift of the wave bending moment 

1 mean (i = 0 to 3) 

b Q - SWBM integral factor for lever of buoyancy 

b^ - SWBM integral factor for lever of hull weight 

B - beam (ft.) 

BM - vertical longitudinal bending moment at amid- 

ships (ft-tons) 



BM 1/3 



- significant value of BM from response spectrum 
= average of 1/3 highest expected moments 

- block coefficient = 35A/LBT 

- midship section area coefficient 
= midship section area/BT 

- longitudinal prismatic coefficient = C D /C 

a m 
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LCB 

LCG 



m 



M 



r 



- waterplane area coefficient 

= waterplane area/LB 

- total deadweight (tons) 

- deadweight aft of amidships (tons) 

- Froude number = v//gL = .298 V//L 

2 

- acceleration of gravity = 32.174 ft/sec 

- significant wave height (ft) = average of 1/3 
highest expected waves 

- second moment of weight aft of amidships about 
an axis through amidships (tons-ft2) 

- second moment of weight forward of amidships 
about an axis through amidships 

- second moment of total weight of ship about an 
an axis through amidships 

- radius of gyration of total ship weight about an 
axis through LCG (ft) 

- radius of gyration of weights forward of amid- 
ships about an axis through the center of those 
forward weights (ft) 

- ship length = length between perpendiculars (ft) 

- longitudinal center of buoyancy of entire ship; 
expressed as % of L; (+) is forward 

- longitudinal center of gravity of entire ship 
from amidships; expressed as % of L; (+) is 
forward 

- factor for the bending moment due to the ship's 
own wave system. Moment = pgL 3 BM 

- center of gravity of propulsion machinery (ft) 
from amidships; (+) is forward 

- coefficient of determination for fit of regression 
analyses 
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SWBM - still water vertical longitudinal bending 

moment (ft- tons) 

T - draft (ft) 

T z - zero crossing period of bending moment response 

in a seaway 

T - dimensionless representation of T 

t z = t 2 /57l 

v - ship speed (ft/sec); v = 1.6889 V 

V - ship speed (knots) 

- weight of ship aft of amidships (tons) 

W„ - weight of ship forward of amidships (tons) 

r 

- distributed hull weight (tons) 

V ?2 - propulsion machinery weight (tons) 

X - difference between actual LCG and standard LCG 

for SWBM integral factors 

Xp - center of gravity of hull weight measured from 

amidships; expressed as % of L; (+) is forward 

8 - longitudinal center of gravity of total dead- 

weight from amidships (ft) 

8 a - longitudinal center of gravity of deadweight 

aft of amidships measured from amidships (ft) 

A - total displacement (tons) 

6a - factor for LCB correction for a 

o 

6b - factor for LCB correction for b 

o 

y - seakeeping table dimensionless representation of 

wave bending moment. Wave moment = 4ypgL 4 x 10~7 

y - Murdey ' s dimensionless representation of wave 

bending moment. Wave moment = y (H /L)pgL 3 B 

s s 
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y - factor for shift of wave bending moment mean due 

to speed in a seaway. 

shift of mean = y pgL 3 B(H /L) 

s s 

3 

p - density of seawater = 1.9905 slugs/ft 
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I. MOTIVE FOR THE ANALYSIS 



Some of the most important tools available to a ship 
designer are the relations between the gross geometry of 
the ship and other important characteristics of the ship, 
such as hull and machinery weights, resistance, stability, 
cargo volume, etc. Relations between hull form and 
resistance (Taylor's series. Series 60, etc.) that are 
based on physical principles and model test results have 
been a basic design tool for many years. Relations for 
stability, weights, and cargo volume that are based on 
trends observed in ships that have actually been built 
have also been used in design for many years. Using these 
tools, the most common design procedure used today starts 
with a given payload, or a required cargo capacity, and a 
speed and range requirement. 

Using payload/displacement fractions for the type of 
ship being designed, the designer would get a first estimate 
of displacement and a rough length range would be evident 
based on past ships of this type and size. With the first 
estimates of displacement and length in mind, the designer 
would next select B, T, C^, C^, etc. to optimize the hull 
form in the following manner. Several different lengths 
within some reasonable range might be investigated. Each 
length would determine a speed length ratio and a displace- 
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men t length ratio; using these ratios, L/B, B/T, C , etc. 

P 

would be selected from "design lanes" that give a hull 
with minimum resistance and adequate stability. Any 
remaining coefficients of form would be selected as 
functions of the coefficients selected in the optimization 
process; e.g. = f (C^) . 

The foregoing design procedure is based on the 
philosophy that the "best" ship is the one with minimum 
resistance at the design speeds. Of course, there may be 
some constraints in internal volume, deck area, etc. or 
complications due to more than one "design speed" as in 
naval ships, but the basic process and philosophy stay the 
same . 

Once the gross dimensions and underwater hull form are 
selected by the above process and space arrangements are 
completed, the results are given to the structural designer 
to determine the loads on the hull and the structure 
required to carry those loads. Except for some length/depth 
restrictions to limit hull flexure, hull bending moment is 
not considered when selecting hull gross dimensions and 
underwater hull form. 

In recent years considerable progress has been made 
in predicting the wave bending moment from hydrodynamic 
principles and applying these predictions to the design 
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process. Relations, varying from simple gross estimates to 
more complicated equations suitable for hand calculations 
to sophisticated and expensive computer programs, are given 
in the literature to predict vertical bending moment due 
to waves for a given hull form and weight distribution. 

It was decided to search the literature for a method of 
predicting bending moment that was detailed and accurate 
enough to show the effects of varying hull form and weight 
distribution yet simple enough to allow calculating the 
bending moment for many hull forms at a reasonable cost. 

The method would then be used to calculate the bending 
moment for a series of systematically varied hull forms 
and the results analyzed and presented in a form that would 
be useful in preliminary design for determining the effects 
of hull form variations on structural loading. 

These results, the effect of hull form and weight 
distribution on structural loading, would be the first step 
in developing a tool that would allow the consideration of 
structural loading in the selection of hull form. Mean- 
ingful trade-off decisions between structural load and 
resistance (or cargo volume or some other ship character- 
istic) would be based on structural weight, not just on 
structural loading; e.g. the designer could not trade off 
50,000 ft. tons of bending moment for a 550 SHP increase or 
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a .5 knot speed reduction; such a trade-off must consider 
the structural weight saved. This thesis does not consider 
relations between structural weight and hull form or 
structural weight and structural load; it does develop and 
present relations that would be useful in preliminary 
design for analyzing the effect of hull form and weight 
distribution on structural loading. 



II. HISTORY AND PRESENT TRENDS 



A. Predicting Structural Loads 

The most familiar method, and until very recently the 
most commonly used method, of calculating bending moment 
is to poise the ship on a troichoidal wave and do a static 
calculation; the result is a design value of the vertical 
bending moment. The wave length is equal to the ship length 
and the wave height is a function of the ship length as is 
the allowable stress in the midship section. There has 
been a considerable amount of work in determining the 
required wave height and the allowable stress (references 
1, 2, and 3). Some work was done to show that the maximum 
stresses actually experienced by a ship at sea and 
experienced in model tests were the same as those predicted 
by the static calculation (references 1, 4, and 5). 

The more recent approach to predicting structural 
loads is reflected in the ABS and Lloyd's 1976 shipbuilding 
rules, in which the total bending moment is divided into a 
still water bending moment and a wave bending moment. The 
still water bending moment is found by a straightforward 
static calculation with the ship in calm water. The wave 
bending moment is then added to or subtracted from the 
SWBM to get the total moment. For example, if the SWBM is 
hogging, then the wave bending moment amplitude ( or 1/2 



FIGURE I 

ILLUSTRATION OF BENDING MOMENT DEFINITIONS 
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In this illustration: 

1) Still water bending moment is hogging. 

2) m, the time invariant moment caused by the ship’s 
own wave system, is sagging. 

3) y , the time invariant shift of the wave BM mean, 

is sagging. 

4) The wave BM varies with time about its mean. 



The total hogging or sagging moment is what is approximated by the 
static balancing of the ship on an L/20 or l.lv^L high wave. 



- 20 - 



the wave BM height) is added to the SWBM to get the total 
hogging moment and the wave BM amplitude is subtracted 
from the SWBM to get the total sagging moment. 

It is important to distinguish the difference between 
the wave BM found by the more recent methods and the 
bending moment found by poising the ship on a troichoidal 
wave. Poising the ship on a wave gives the total (still 
water plus wave) bending moment and is essentially a 
static approximation of a dynamic process. The wave BM 
calculated by more recent methods is the dynamic variation 
of the bending moment from its mean. Figure I illustrates 
this difference. 

The older, empirical, static calculation has the 
advantage that it is consistent and can be relied upon for 
comparing hulls that have performed satisfactorily with 
those that have not, so long as the hulls are of similar 
type in similar service. Unfortunately, the empirical 
approach is of questionable validity when applied to 
unusual ship types or weight distributions or when applied 
to ships with new materials (since the allowable stress for 
mild steel is a variable when using this approach) , and the 
static calculation does not lend much insight into the 
physical processes that cause the bending moment. The 
drawbacks of the static calculation and the development of 
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the application of hydrodynamic theory to the point where 
reliable predictions can be made are leading to the 
acceptance of the newer method in calculating a design 
bending moment. However, the newer method has its dis- 
advantages, the chief one being that a deterministic 
solution is not obtainable so one must work with probability 
and statistics to obtain design loadings; this requires one 
to make the unpleasant selection of an acceptable proba- 
bility of failure. In addition, the designer is forced to 
admit that he cannot say exactly what the loading on the 
structure will be. 

Considering the above factors, it was decided to base 
the analysis for the effect of hull form on bending moment 
on the more recent methods rather than predict the bending 
moment by poising the ship on a static wave. The major 
advantage of using the newer approach is the separation of 
the still water and wave bending moments so that one can 
analyze the effect of form and weight parameters on each. 

B . Structural Loading and Hull Form Selection 

Although several references were found that discuss 
structural design philosophy, very few even suggest that 
structural loading considerations might influence hull 
form selection or ship arrangements. Reference 1 and the 
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1976 International Ship Structures Congress, Reference 6, 
consider the hull form and ship arrangement a given factor 
in their discussions on design philosophy and are concerned 
primarily with reliable, complete predictions of loadings 
on the structure, with accurate calculation of stresses 
resulting from those loadings, and with how to obtain the 
least weight structure. 

Reference 7, which is concerned only with the effect 
of the local form of the bow on slamming, is the only 
reference found that suggests hull form might be influenced 
by structural loads in cargo ships. In References 4 and 8, 
Murray discusses some of the effects of hull gross dimen- 
sions and tank arrangement on bending moment in tankers 
and suggests that it would be good design practice to try 
to minimize the still water bending stresses in a ship. 

Many of the references mention the qualitative trend of an 
increasing wave bending moment and a decreasing hogging 
still water bending moment as the block coefficient is 
increased; none of the references provide any quantitative 
information regarding this trend. 

Other than those sources mentioned above, the 
literature search revealed no references that suggested 
structural loading be considered during the selection of 
hull form and arrangement of the ship. Even though a 
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considerable amount of work has been done on predicting 
structural loads for a given hull form, no one has taken 
the step of suggesting how the hull form should be modified 
and the ship arranged so that the structural loading might 
be minimized or at least reduced. 
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III. ESTIMATING STRUCTURAL LOADING 



A. Factors That Contribute to Structural Loading 

For design purposes the stresses on a ship's structure 
are usually divided into three categories: primary, 

secondary, and tertiary. Primary stresses are developed 
by the entire ship acting as a beam with the buoyancy 
supporting the beam and the ship's weight loading the beam. 
Secondary stresses are developed in a panel supported by 
transverse bulkheads or web frames and loaded by pressure 
forces or cargo loads. Tertiary stresses are developed in 
a particular member by local loads. When actually design- 
ing structural members, it is necessary to include all 
three categories of stresses. However, when comparing the 
loading on different hulls and for initial sizing of the 
ship's structure during preliminary design, it is necessary 
to include only the primary stresses. 

Primary stresses can be caused by longitudinal bending 
in the vertical and horizontal planes, by transverse 
bending, and by torsion along a longitudinal axis. For 
normally shaped cargo ships of average size only the 
longitudinal bending develops stresses that need be 
considered in preliminary design. Torsion is usually 
significant in ships with large hatches, such as container 
ships. Transverse bending and torsion may be important in 
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a ship such as a catamaran. In detail design of any ship 
all three should be considered. However, only longitudinal 
bending need be considered in this analysis. 

Because horizontal bending and vertical bending are 
out of phase, it is common practice in preliminary design 
to consider only vertical longitudinal bending (references 
1 and 10) . Considering only vertical bending is certainly 
valid for comparing different ships and for initial sizing 
of the ship's structure. So, to consider the effects of 
hull form and weight distribution on structural loading, 
it is necessary to consider only the factors that contri- 
bute to the vertical longitudinal bending moment. 

B. Factors That Contribute to the Total Bending Moment 

References 10 and 11 give a good summary of the loads 
and the relative importance of the loads that cause 
vertical bending stresses: residual stresses from 

construction, thermal strains due to temperature differ- 
ences over the hull, dynamic stresses due to propeller and 
machinery induced vibrations, weight and still water 
buoyancy distribution differences (SWBM) , and wave loads 
subdivided as follows: 

(1) The ship riding on its own wave system 
when running in calm water. 
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(2) Direct sea loads acting on the ship as 
a rigid body: 

(a) Change in the mean value of 
the wave BM. 

(b) Variation of the wave BM about 
the mean. 

(3) Indirect sea loads developed by the 
vibratory response of the flexible ship 
to the direct sea loads: 

(a) Springing, a two node, low 
frequency mode of response to 
continuing wave loads; the flex- 
ing of the hull is assumed to 
have no effect on the magnitude 
of the direct wave loads. 

(b) Whipping, a high frequency 
response to slamming and other 
wave induced transient loads. 

Even though residual stresses may be an important 
factor in brittle fracture, they are usually neglected in 
preliminary design and are not measured in either full 
scale or model tests of the ship. Thermal strains are not 
related to any of the other loads and are usually not 
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considered during preliminary design and are rarely 
measured in full scale or model tests. Propeller and 
machinery induced vibrations usually are not considered in 
preliminary design and cannot be measured in model tests 
due to scaling problems. Because they are usually neg- 
lected, difficult or impossible to calculate, and contribute 
only a small amount to the total load on the structure, 
the residual, thermal, and dynamic vibratory stresses will 
not be considered further. 

The still water bending moment will be included in the 
analysis. This is a major portion of the total load in 
many ships, yet it is not measured in either model or full 
scale tests; measurements are usually made with the zero 
value being the ship at rest in still water. The calcula- 
tion of the still water bending moment is theoretically 
straightforward and the buoyancy distribution is usually 
well defined. However, in most cases the weight distribu- 
tion can only be approximated; therefore, the value of the 
still water bending moment is only as precise as the 
estimate of weight distribution. 

The load due to the ship ' s own wave system and the 
change in the BM mean due to the seaway are components of 
the wave loads that do not change with time. These are 
measured in model tests and probably could be, but are not. 



- 28 - 



measured in full scale tests. These can be added to or 
subtracted from the SWBM to get the time invariant portion 
of the bending moment or the mean of the bending moment. 
Most references agree that it is valid to assume the SWBM 
is the mean and neglect the moment due to the ship's own 
wave and the time invariant portion of the seaway moment. 
Nevertheless, these two factors will be included in the 
analysis. See Figure I for an illustration of these 
factors . 

The variation of the wave BM about the mean, usually 
called the "wave bending moment", is the second major 
factor (SWBM being the first) in the total moment. The 
wave BM is what is commonly measured in full scale and 
model tests and predicting this value from basic theory has 
received considerable attention. Of course, the wave BM 
will be included in the analysis. 

Springing and whipping may make a contribution to the 
total moment that is worth considering and they are 
certainly affected by hull form and weight distribution 
(see references 7 and 12) . Unfortunately, the prediction 
of these loads has not yet developed to the point where 
they are commonly included in a design analysis and there 
is not enough information available to include them in this 
analysis. It should be valid to assume that springing and 
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whipping do not have enough of an effect on the total 
bending moment to influence the results of the analysis. 

In summary, the following factors will be included in 
the analysis: still water bending moment, wave bending 

moment, and the change in the bending moment mean due to 
the ship's own wave system and the seaway. These factors 
are certainly sufficient for comparing the structural 
loading on different hulls and would be sufficient for 
preliminary sizing of the ship's structure for normally 
shaped ships. 

C . Methods for Predicting the Wave Bending Moment 

Methods for predicting the wave bending moment can be 
divided into two categories : methods based on a combination 
of empirical and theoretical analysis that are used to get 
a design value for the wave BM, and methods based on 
hydrodynamic theory and/or model test results to get the 
wave BM in a given seastate. Empirical methods that 
produce a design value for BM were not used in the analysis 
because they do not explicitly consider each major hull 
form and weight distribution parameter; these methods give 
a BM value to be used in design that is based on the 
assumption that once the gross hull geometry (L, B, C^) is 
defined, the other parameters will be close to those of 
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past ships. Some of these empirical methods are presented 
in the Results for comparison purposes. 

Methods derived strictly from theory produce a 
significant wave BM value in a specific sea state. It is 
necessary to use extreme value statistics to get a design 
value (Reference 16) . A considerable amount of work has 
been done in developing these methods and validating their 
results (see References 5, 11, 13, 14, and 15). Several 
problems arise in validating predictions; as presented in 
the previous section, several factors contribute to the 
total vertical bending moment and only some of these can 
be measured in model tests, while others are measured in 
full scale tests. Unfortunately, it is not always clear 
whether the test results are for only the wave bending 
moment, which is what is predicted, or whether other BM 
factors are erroneously included. In full scale tests 
there is the additional complication that it is practically 
impossible to accurately measure the seastate while 
measuring the ship's response to that seastate; because of 
this and the frequency of instrument errors, the references 
generally agree that one should not have much faith in 
full scale test results. Despite these problems, the more 
recently developed theoretical methods produce results that 
agree quite well with model tests and reliable full scale 
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tests and most references agree that these theoretical 
methods produce results upon which the designer can rely. 
Two methods were investigated for use in predicting wave 
BM for the analysis: Loukakis’ and Chryssostomidis ’ 

seakeeping tables in Reference 14, and Murdey's bending 
moment equations in Reference 15. 

Loukakis and Chryssostomidis analyzed many hulls with 
an extended series 60 hull form using a computer program 
based on strip theory. Bending moment is calculated 
considering hydrodynamic loads and ship mass inertia 
forces due to ship motions. Hydrodynamic loads are 
calculated with the strip theory and hydrodynamic coeffi- 
cients for idealized sections in regular waves. Inertia 
forces are calculated using the moments of inertia of the 
mass of the forward and aft halves of the ship and the 
motions computed from the rest of the program. The results 
for regular waves are then integrated to get a response 
amplitude operator curve which is applied to a Pierson- 
Moskowitz sea spectrum for fully developed seas using 
linear superposition. 

The following parameters must be defined to use the 
seakeeping tables: Froude number, significant wave 

height/L, L/B, B/T, and C^. The tables give the dimension- 
less response for a wide range of these values and one can 
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interpolate for the response of a ship with different 
input parameters. There is little doubt that the seakeep- 
ing tables will produce a reliable prediction of bending 
moment; however, there are a few characteristics of the 
tables that make them the less desirable of the two 
alternatives for predicting wave BM. 

First, the seakeeping tables give only the root mean 
square of the BM height due to direct sea loads with an 
assumed zero mean. The only way to get a total hogging or 
sagging BM is to add or subtract 1/2 the wave BM from the 
SWBM. This makes it impossible to analyze the effects of 
the change in the BM mean due to the ship's own wave 
system and due to the seaway. 

Second, some important hull form and weight distribution 
parameters were made a function of block coefficient so that 
it is impossible to use the tables for analyzing the effect 
of independent variations of these parameters. Details 
are in Appendix I. 

Because Murdey's equations explicitly included each 
important hull form and weight distribution parameter as an 
independent variable, it was decided to use them for the 
analysis. Murdey used the results of model tests in 
regular waves to develop a response amplitude operator 
curve for each model which was applied to the sea spectrums 
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recommended by the 1969 International Towing Tank Confer- 
ence. A regression analysis was done with the final 
results to get equations of bending moment as a function of 
hull form coefficients, weight distribution, Froude number, 
and sea state. The final equations were checked with 43 
model tests done by Murdey and with all model test data 
available at the time that had the ship and results 
described in enough detail to give the required input to 
the equations; agreement between the equations and the model 
tests is quite good. 

Murdey' s equations, from Reference 15, are: 

m = factor for shift of BM mean due to the 
ship's own wave in calm water, 

y = factor for shift of BM mean due to 

b 

irregular sea, 

y g = factor for significant height of wave 

bending moment response (average of the 
1/3 highest wave bending moments 
experienced in the sea state) , 

H = signficant wave height of the sea state, 
s 

T = average zero crossing period of the wave 
z 

BM response 

T = dimensionless T 
z z 
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m = 10 4 F r 2 (116.3 C B 2 - 3.46 C R | + 3.04 | 



- 20.6 C - 2.01 £ + .6 LCB - 39.5) 
w B 



“s = 10 ' 2F n 2(A i + A i C B + A 2 I * A 3 §> 



"s " 10 " 2 * A 0 + A 1 C „ + A 2 f + A 3 LCG + A 4 ih 



+ A c =-tt- + A,F ) 
5 L 2 A 6 n 



Significant Hogging BM due to waves: 



pgL 3 B(i P s T7 + P s -r * ■»> 



Significant Sagging BM due to waves 



3 1 H H 

pgL B( ? -f - w s - m) 



The above values are the bending moment caused by 
direct sea loads and the ship's own wave system. If the 
ship has a hogging SWBM, the total hogging moment is the 
SWBM + significant hogging BM due to waves and the total 
sagging moment is the SWBM - significant sagging BM due to 
waves; if the total sagging moment is positive, then there 
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is no sagging moment. 

The coefficients (A's) are a function of T and are 

z 

listed in the beginning of Appendix VIII. If an actual 
sea spectrum is known, one can use the average zero 
crossing period for that spectrum. The analysis was done 
for the approximate zero crossing period suggested by 
Murdey for use when a particular sea spectrum is not 
known : 

T = 3.23 3 /H~ T = T / q/l 

z s z z r 

To check the validity of Murdey' s equations, the wave 
bending moment was calculated for several ships and several 
parameter variations using Murdey ' s equation, the seakeep- 
ing tables, and Murray's formula for an approximate design 
wave BM from Reference 1. The details of the calculations 
are in Appendix I and the results are shown in Figure II. 

The calculations were done for a constant ship length of 
600 ft. and a significant wave height of 45 ft. The 
following parameters were varied: L/B, B/T, F^, C^, and C^. 

These calculations were not done to see the effect of 
parameter variations but to compare the results of 
different methods of calculating the wave BM and the 
parameters were not varied in the same manner or with the 



- 37 - 



same constraints that were used for the final analysis. 

As expected, the design values of bending moment are 
consistently higher than the values of bending moment in 
the 45 ft. sea. Generally, Murdey's wave BM values are 
within -5% to +7% of the values from the seakeeping tables. 
Murdey's equation and the seakeeping tables give the same 
trends as the parameters are varied and, with the exception 
of Froude number which is not included in Murray's design 
equation, the trends as the parameters are varied are the 
same with Murray's design equation. Based on these 
results, Murdey's equation was used with a high degree of 
confidence in its prediction of the wave BM in a particular 
seastate . 

D. Methods for Predicting the Still Water Bending Moment 

There is a distinct dearth of information concerning 
the still water bending moment in the literature. Reference 
17 from the 1964 International Ship Structures Congress 
Proceedings suggests the possible importance of the SWBM, 
mentions the fact that some classification rules put limits 
on the SWBM stress, and describes the lack of good methods 
for quickly estimating the SWBM. With the exception of 
Faresi's paper (Reference 18), little has been done to shed 
more light on this subject in the last thirteen years. 
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Alt hough the calculation of the SWBM is theoretically 
simple, the straightforward numerical integration of 
weights and buoyancy is quite laborious. Because of the 
time and/or the expense for computer time involved, and 
the requirement for developing a weight and buoyancy 
distribution for each ship in the analysis, it was decided 
to look for an easier method of calculating the SWBM. 

Two methods for approximating the SWBM were found: 
Murray's method in Reference 1 and Faresi's method in 
Reference 18. The approach taken in each of these is the 
same. The SWBM at amidships is essentially the difference 
between the second integral of the weights and the second 
integral of the buoyancy over either the forward or aft 
half of the ship. Murray gives a short table of factors 
for a range of block coefficients that can be used to 
estimate the results of the buoyancy integration. Faresi 
gives plots of factors as a function of block coefficient 
that can be used to estimate the results of the buoyancy 
integration. In addition, Faresi gives plots of factors to 
make corrections for the position of the center of buoyancy 
and for trim. 

Murray's method requires the user to know the weight 
distribution so the user can calculate the weight integra- 
tion. Faresi analyzed the hull weights of many ships and 
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developed plots of factors as a function of block coeffi- 
cient that can be used to easily calculate the results of 
the hull weight integration; there is a set of plots for 
tankers and bulk carriers and a set of plots for cargo 
ships. It is necessary for the user to calculate the 
moment of "concentrated" weights such as machinery, dead- 
weight, rudders, propellers, etc. 

It was decided to use Faresi's method because it does 
not require knowing the hull weight distribution and because 
it probably gives more accurate results. Although only the 
SWBM at amidships is needed for this thesis, it is worth 
noting that an additional advantage of Faresi's method is 
that it can give the SWBM at any point along the length of 
the ship. Faresi's "integral factors" are defined as 
follows : 

a Q = factor for the magnitude of buoyancy, 
b Q = factor for the lever of buoyancy, 
a^ = factor for the magnitude of hull weight, 
b^ = factor for the lever of hull weight. 

6a and 6b are applied to a Q and b Q respectively when 
the actual LCB is different from the standard LCB used by 
Faresi. Each factor is given in a set of curves that have 
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the form shown in Figure III below; only the value at 
amidships is of interest in this analysis. 



FIGURE III 




LONGITUDINAL POSITION 



The factors for each value of are listed at the begin- 
ning of Appendix VIII. The factors are used to estimate 
the results of the following integrations: 



| Buoyancy = (b Q + X Q 6b)L(a o + X Q 6a)A 



AP 






Hull weight = (b 1 L) 



AP 



LCB * 20 C. - 13.5 
std b 



X = LCB . , - LCB . . 

o std actual 



= total hull weight 
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Note that these factors give the moment about amidships of 
the buoyancy and hull weight from the after perpendicular 
to amidships. 

Faresi also uses a trim correction similar to the 
LCB corrections shown above. It was assumed that for the 
ships to be used in this analysis, the LCG would be close 
enough to the standard LCB that the hull lines could be 
adjusted so the ship would ride on an even keel. Since 
all of the calculated LCG's were well within the design 
lane limits for LCB, this assumption should be valid and 
only the LCB correction need be used. 

Finally, the moment due to "concentrated" weights 
must be calculated. This is the moment about amidships of 
all weights aft of amidships but the distributed hull 
weight. To simplify the analysis only the propulsion 
machinery and deadweight (cargo, stores, fuel, etc.) were 
included. Moments due to omitted items such as the rudder 
shafting, and propeller should have a negligible effect on 
the total; especially when comparing the differences 
between two hulls. 

Therefore, using the approximation that displacement 
= deadweight + machinery weight + hull weight, the still 
water bending moment is estimated by the relation: 
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SWBM 

AL 




Hull Wt. Moment 



Buoyancy Moment 




Machinery 

Moment 



Deadweight 

Moment 



E. Summary of Information Required to Calculate 
Total Bending Moment 

A glance at the equations for predicting bending 
moment shows that the following parameters that describe 
the ship are needed to calculate bending moment factors: 

Hull form : C^, C , L/T, L/B, LCB, and F n 

Weight Distribution: LCG, I„/L^A, I^/L^A, 

.-,ii a X 



In addition, the significant height of the seastate and the 
ship length are needed to define the wave bending moment 
coefficients and the ship length and displacement are 
needed to calculate an actual bending moment value. 
Therefore, the following are also needed: H , L, and A. 



DWT/A, DWTA/A, Wj/A, 
M/L, and 0 /L. 
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Before bending moment values can be calculated, it 
remains to determine values for the above parameters that 
will represent reasonable hull forms and weight distribu- 
tions. To determine the hull form parameters, the only 
investigation required is to select the most suitable of 
the many published relations for selecting hull form; these 
are usually in the form of design lanes or empirical 
equations that define design lanes. The hull form para- 
meters for any particular ship would be required to satisfy 
the definition of the block coefficient. 

Determining the weight distribution parameters is 
more difficult. There are no relations for most of the 
weight distribution parameters and many of the parameters 
are not mentioned in summaries of ship characteristics. 
Therefore, it was necessary to search for information to 
determine reasonable values of the weight distribution 
parameters . 

It was assumed that the ship would ride on an even 
keel and that the LCG would equal the LCB so that in the 
analysis it was necessary to calculate only the LCG from 
the weight information. 

The significant wave height of the seaway was selected 
so that the wave bending moment values that resulted from 
Murdey's equations would be close to those that would be 



* 
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used for design values. 

Length and displacement would be varied to cover the 
range that would produce reasonably shaped and sized hulls 
typical of today's dry cargo ships. 



CHARACTERISTICS OF TYPICAL CARGO SHIPS 



H 

o a 



hJ 

Z 



c 

o 



Px, 



CM 



MX 

vO 

o 



H 

O 

H 






< 

CM 

H 



< 

CM 

H 



< 

CM 

►J 



PQ 



O 



xj 


00 




CO 


m 




CM 










CM 












< 


< 


< 


< 


XJ 


CM 


<r 


o 


CM 


vO 


CO 


„ 


***** 






MX 


CXn 




00 


CM 


CM 


r-. 


z 


z 


z 


z 


vO 




rH 


rH 


CO 


rH 


rH 











o 

x» 

CM 




vO 


CO 




o 




< 


< 


< 


< 


XJ 


xt 




CM 


vO 




m 


\ 








MX 




co 


m 


vO 


00 


O 


Z 


z 


z 


z 


vO 


< — i 


CO 


co 


m 


CM 


co 











< 

55 



00 



< < < 

55 55 55 



co -<r 
co <r 
H O 



< 

55 



< 

55 

< 

Z 





rH 


o 




00 


< 




o 


00 


CTn 




CM 


• 


«H 


o 


z 


o 


o 


O 


o 




CO 


r-» 


xf 


CM 


< 


CO 


On 


xt 


CO 




rH 


O 


rH 


CM 


z 


• 


• 


• 


♦ 



vO 


00 


O 


co 


CO 


m 






















< 


< 


< 


<c 


i — 1 


CM 


CM 


xr 


o 


CM 




— 




**''**. 


00 


vO 




xf 


vO 


CO 


z 


z 


z 


z 




rH 


H 


CM 


rH 


rH 











CM 

o 



O CO 

o o> 

CO CM 

o o 



co <r 
LO co 

CM CM 

o o 



O cm 

<r cm o 

cm co co 

o o o 



Xf LO 

co oo 
CO H 

o o 



o 

CM 

o 



CO 

m 

co 

o 



rH CM O 

UO CM O 

<■ vO vO 

O O O 



N CO 

00 rH CM 

m vo 

o o o 



C C < < 

Z Z Z Z 



< < < < 

z z z z 



< < < < 

z z z z 



m 

CM 

vo 



vO 

CO 

NX) 



oo co 
cm 

nx> m 



oo 

co 

nX) 



CM 
f— I 

vO 



< 

z 



< < 
z z 



in 

o> 

NX) 



vO 

CO 

VO 



Hfr X* 
CO CXn CTn 

vo m 



co 

00 CM 
NX) VO 



r>* 

o 

vO 



CM 

rH 

VO 



o> 

O 

vO 



CO 

m 



PQ 








vO 


m 


ov 


O 


m 


xt 


m 




00 


On 


o 


O 


vO 


xt 


o> 


o> 


On 


o> 


/'-‘V 


' - 






















H 


H 


vO 


vO 


r^ 






vO 


vO 


vO 


vO 


vO 










vO 














m 


CO 


PX • 






• 














• 


W 


PQ xj 


O 


O 


00 


o 


o 


O 


m 


00 


00 


xf 


H 


H H 




CM 


CM 


o 


CO 


O 


co 


CM 


CM 


xr 


O 




xf 


m 


m 


vO 


m 


in 


xt 


in 


MO 


m 


Z 


CO 


Ov 


o 


co 


o> 


m 


m 


On 


CO 


O 


m 




o 




H 


H 


00 


CM 


m 


ov 


CO 


co 




<3 £ 


m 


o 


O 


00 


CO 


vO 


00 


o 


vO 


CM 




o 




o 


H 


vO 


xr 


O N 


CO 


H 


CM 


i — I 




H 


i — I 


CM 


CM 


CM 


CM 


H 


H 


CM 


CM 


CM 





co 

Cl 

•h 

JC 

CO 

x) 

•H 

e 

cd 

JC 

00 

D 

O 

u 

rC 

u 

CO 

•rH 

X 

cd 



C 

o 

JC 

cd 

QJ 

Jx 

cd 



JC 

cd 

rH 

•H 

cd 

> 

< 



o 

z 

a 

o 

•H 

cd 



o 

MX 

C 

H 

II 

< 

z 



- 45 - 



- 46 - 



IV. DETERMINING PARAMETERS REQUIRED 
TO DESCRIBE THE SHIP 



A. Weight Distribution Relations 

Since no published relations for determining values of 
the weight distribution parameters were found, it was 
necessary to analyze the characteristics of existing ships. 
References 19 and 20 presented summaries of the more 
commonly used ship characteristics for several ships; data 
was obtained from these concerning the location of the total 
deadweight, and the machinery weight and location, and is 
summarized in Table I. Plots were made of total deadweight 
location as a function of deadweight/displacement, as a 
function of length, and as a function of C^; the resulting 
scattered points indicated the lack of any relation; a 
regression analysis similar to that described below for the 
moments of inertia was done and yielded no usable relation 
for deadweight location. Plots and a regression analysis 
showed no relation between machinery location and length 
or Cb* Therefore, it was decided to use the average of the 
actual ship values collected for M/L as a standard and 
investigate the variation of M/L within the limits of the 
data collected. For a standard, M/L =-.137 was used. The 
effects of varying M/L from -0.44 to -.232 was analyzed. A 
standard for B/L of .0139 was selected from the approximate 
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weight distribution in Figure IV. g/L was varied from 0.0 
to 0.271. 

A useful relation was found for the machinery weight, 
W 2 , as a function of displacement and design speed. On 
page 9 of reference 20, D 'Arcangelo gives a plot of shaft 
horsepower versus displacement for a wide range of speeds 
and ship sizes. On page 22 he gives a plot of machinery 
weight versus shaft horsepower for steam plants. Together 
these plots give a value of machinery weight for each speed 
and each displacement; the actual values are listed in 
Appendix II. A least squares fit regression analysis shows 
that the following function and parameters are in excellent 
agreement with the data: 

W 2 = aV^ where a and b are a function of displacement 



Displacement 



000 Tons 


a 


b 


10 


4.132 


1.591 


12 


4.754 


1.557 


14 


6.237 


1.493 


18 


2.142 


1.896 


20 


2.257 


1.890 


22 


2.266 


1.900 


26 


2.278 


1.919 



The coefficients of determination for the regression analysis 



